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renal interstitial fibroblasts; renal epithelial cells; EGFR; PTP1B FIBROBLASTS IN THE INTERSTITIAL compartments of the kidney provide the basic skeleton of the tissue. Fibroblasts are also the major source for the constituents of extracellular matrix (ECM) and are important for the maintenance of the renal tissue architecture under physiological conditions (29) . Under pathological conditions like acute kidney injury (AKI), renal interstitial fibroblasts undergo myofibroblast transition and produce matrix proteins, which are essential for wound healing and renal repair in the process of renal recovery. In addition, renal interstitial fibroblasts located in the renal cortex and outer medulla are also capable of producing erythropoietin, an important regulator for survival, differentiation, and proliferation of erythroid precursors in the bone marrow (1, 2, 9, 18, 25) . Hence, the maintenance of renal fibroblast property and its population is critical for the integrity and structure of renal epithelium, renal repair, and stability of red blood cells.
In response to AKI, a wide variety of tyrosine kinase growth factor receptors such as epidermal growth factor receptor (EGFR) and platelet-derived growth factor receptor-␤ (PDGFR␤) are activated in the kidney (3, 11, 19, 39) . These two receptors are widely expressed in the mammalian kidney, including proximal tubule and interstitial fibroblasts, and they play divergent roles in renal physiological as well as pathological conditions. EGFR can regulate cell proliferation, and differentiation, as well as production of pro-and anti-inflammatory mediators, and regulation of hemodynamics (6, 22, 39) . PDGFR␤ activation is also required for renal fibroblast activation and proliferation (20, 24) . Stimulation of EGFR and PDGFR␤ results in activation of multiple intracellular signaling pathways including the extracellular signal-regulated kinase (ERK), the Janus kinase/signal transducers and activators of transcription-3 (JAK/ STAT), and the phosphoinositide-3-kinase (PI3K)/Akt (22, 23, 27, 47) .
Tyrosine phosphorylation of membrane receptors and intracellular signaling molecules is reversible, and this dynamic process is controlled by the protein tyrosine phosphatases (PTPs). An abnormal increase of receptor tyrosine kinases (RTKs) leads to fatal consequences like cancer, fibrosis, and developmental abnormalities (16, 41) . PTPs are a large and structurally diverse family of enzymes, which catalyze the dephosphorylation of tyrosyl-phosphorylated proteins and this process can either antagonize or potentiate protein kinase signaling (16, 41) . Although PTPs have a common mechanism for dephosphorylation process, they exhibit fine substrate specificity and regulate specific signal transduction events and physiological processes. Among four subfamilies of PTPs (pTyr-specific PTPs, dual specificity phosphatases, Cdc25 phosphatases, and LMW PTP) (44, 49) , PTP1B is a ubiquitously expressed PTP that is localized on intracellular membranes. PTP1B can negatively regulate several RTKs including EGFR, PDGFR␤ by dephosphorylation, and subsequently attenuating activation of their downstream signaling pathways (5, 16, 21) . PTP1B is also able to directly induce dephosphorylation of some intracellular signaling molecules including STAT3 (15) .
Previous studies suggested the possible cross-talk between renal epithelial cells and interstitial fibroblasts in the kidney (13, 42) . In most instances, this cellular event is an adaptive mechanism for repair and regeneration. However, under severe AKI, damaged or injured cells may release multiple cytokines and cellular contents into interstitial space, where they impact the growth and survival of interstitial cells like fibroblasts. This concept is supported by our recent in vitro observations that the contents from 2 ϫ 10 6 cells/ml of necrotic RPTC directly induce death of renal interstitial fibroblasts (34 -36) . However, the degree of renal injury may vary from mild to severe, depending on the type of insults and exposure time. Currently, it remains unclear whether the contents released from the lower number of damaged RPTC would also affect the biological functions of renal myofibroblasts, in particular, their activation and proliferation, and if so, what mechanisms are involved. In this study, we addressed these issues using in vitro cultured system of renal interstitial fibroblasts and proximal tubular cells.
MATERIALS AND METHODS
Chemicals and antibodies. TCS401 was obtained from Tocris Bioscience (Bristol, UK). Gefitinib was purchased from LC Laboratories (Woburn, MA). Small interfering RNA (siRNA) specific for rat EGFR and antibodies to fibronectin, EGFR, PTP1B, P2X7, PCNA, and GAPDH were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). ␣-Smooth muscle actin (␣-SMA), ␣-tubulin, and all other chemicals were purchased from Sigma (St. Louis, MO). Phospho tyrosine (PY20) antibody was obtained from BD Biosciences (San Jose, CA). Secondary antibodies of anti-mouse IgG (Mouse TrueBlot ULTRA) and anti-rabbit IgG (Rabbit TrueBlot) were purchased from eBioscience (San Diego, CA). Transforming growth factor (TGF)-␤1 was purchased from R&D Systems (Minneapolis, MN). All other antibodies used in this study were purchased from Cell Signaling Technology (Danvers, MA).
Cell culture. Rat renal interstitial fibroblasts (NRK-49F) and immortalized mouse renal proximal tubular cells (RPTC) were used in this study. Both of them were cultured in DMEM/Nutrient-F12 (DMEM/F12, Sigma) containing 5% fetal bovine serum (FBS), penicillin, and streptomycin in an atmosphere of 5% CO2-95% air at 37°C. NRK-49F was 60 -70% confluent when used for various treatments. When necessary, various inhibitors were directly added to the culture and then incubated for desired time as indicated in the figure legends.
Preparation of necrotic RPTC cell lysate and treatment. RPTC were harvested and washed twice with sterile PBS and then reconstituted to a desired number of cells (2 ϫ 10 6 or 5 ϫ 10 5 cells/ml) in complete culture media. These cells were immediately used for cell lysate preparation by repetitive (5 cycles) freezing at Ϫ80°C and thawing at 37°C. Then, cell lysates were centrifuged at 15,000 rpm for 20 min to obtain RPTC supernatant (RPTC-Sup). For the experiments, 1/3 volume (330 l/ml) of medium was removed and 330 l of RPTCSup were added to the culture. When we replaced 330 l/ml of medium with RPTC-Sup, the final concentration of cell lysate was equal to the RPTC-Sup from ϳ1.7 ϫ 10 5 cells/ml. As a control, the same volume of complete medium (5 times freeze and thaw) was added.
Transfection of siRNA into cells. siRNA oligonucleotides targeted specifically to rat EGFR or rat P2X7 (750 pmol) were used in this experiment. siRNA (750 pmol) was transfected into NRK-49F (1 ϫ 10 6 cells) using the nucleofector kit T and the Amaxa Nucleofector device (Gaithersburg, MD) according to the manufacturer's instructions. In parallel, 750 pmol of scrambled siRNA were used to control for off-target changes in NRK-49F. After transfection, cells were cultured in antibiotic-free DMEM/F-12 for 24 h before they were used for the experiments.
Nuclear staining. After treatment, cells were washed with PBS, fixed in methanol, and then stained with DAPI. Cells with condensed nuclei and/or DNA fragmentation were considered to be apoptotic. Cells in four random fields (ϫ200) of each sample were counted, and three independent experiments were conducted in triplicates.
Immunoblot analysis. After various treatments, cells were washed once with ice-cold PBS and harvested in a cell lysis buffer. Proteins (25 g) were separated by SDS-PAGE and transferred to nitrocellulose membranes. After incubation with 5% nonfat milk for 1 h at room temperature, membranes were incubated with a primary antibody for overnight at 4°C and then incubated with appropriate horseradish peroxidase-conjugated secondary antibody for 1 h in room temperature. Bound antibodies were visualized by chemiluminescence detection.
Immunoprecipitation. Cells were treated with RPTC-Sup for 24 h and they were immediately lysed on ice by using RIPA buffer (Cell Signaling Technology) with protease inhibitor cocktail (Roche Applied Science). After being precleared, 5 g of anti-PTP1B antibody were added to 750 g of protein in a total volume of 1,000 l. After being mixed for 2 h at 4°C, 30 l of protein G-agarose beads (Santa Cruz Biotechnology) were added to each lysate and gently mixed for overnight at 4°C. Then, beads were rinsed three times with lysis buffer (plus protease inhibitors). Thirty microliters of 2ϫ SDS loading buffer were added to each sample and boiled for 10 min and Western blot analysis was carried out. For phospho-tyrosine (PY20) detection, membranes were blocked with 5% BSA in TBST for 1 h in room temperature. For other molecules, membranes were blocked with 5% milk in TBST. After being blotted with primary antibody overnight, membranes were washed and then incubated with appropriate secondary antibody (mouse TrueBlot or rabbit TrueBlot) prepared in 5% milk.
Densitometry. The quantitative analysis of different proteins was carried out by using ImageJ software developed at the National Institutes of Health. The quantification is based on the intensity (density) of band, which is calculated by area and pixel value of the band. The quantification data are given as ratio between target protein and loading control (housekeeping protein).
Statistical analysis. Data are presented as means Ϯ SD and were subjected to one-way ANOVA. Multiple means were compared using Tukey's test, and differences between two groups were determined by Student's t-test. P Ͻ 0.05 was considered statistically significant.
RESULTS

Exposure of nonlethal concentrations of necrotic RPTC-Sup does not cause renal interstitial fibroblast cell death.
Recently, we observed that cultured renal fibroblasts die due to both necrosis and apoptosis when they are exposed to the cellular contents from 2 ϫ 10 6 cells/ml of necrotic RPTC (36) . However, it remains unclear whether the nonlethal concentration of necrotic RPTC-Sup would also affect the biological functions of renal interstitial fibroblasts. To address this issue, we first examined the effect of the supernatant from various concentrations of RPTC below 2 ϫ 10 6 on two hallmarks of cell death [cleavage of poly(ADP-ribose) polymerase (PARP) and caspase-3] in rat renal interstitial fibroblasts (NRK-49F). H 2 O 2 -treated cells were used as positive control. As shown in Fig. 1A , exposure of NRK-49F to H 2 O 2 for 3 h resulted in generation of fragments of PARP at 89 kDa and caspase-3 at 17 kDa. However, these fragments were not seen in NRK-49F cells exposed to the supernatant obtained from the number of RPTC ranging from 2 ϫ 10 4 to 5 ϫ 10 5 cells/ml. Since it has been reported that cleavage of PARP to 55/45-kDa fragments indicates necrosis (14) , and fragmentation of PARP to 89 kDa and caspase-3 into 17 kDa indicates apoptosis (45) , these data suggest that the supernatant collected from this range of the number of RPTC does not cause cell death in renal interstitial fibroblasts.
To confirm this observation, we further examined cell death in cultured NRK-49F by using DAPI staining. As shown in Fig. 1 , B and C, incubation of NRK-49F with the RPTC-Sup from 2 ϫ 10 6 but not from 5 ϫ 10 5 cells/ml induced cell death as shown by nuclear shrinkage and condensation, a feature of apoptosis. The condensed nuclei were also observed in NRK-49F cells exposed to 1 mM H 2 O 2 . These data are consistent with the above results and support the concept that the supernatant generated from RPTC below 5 ϫ 10 5 cells/ml is unable to induce cell death in NRK-49F.
Necrotic RPTC inhibits activation of cultured renal interstitial fibroblasts. We previously showed that normally cultured NRK-49F cells in the medium containing 5% FBS are activated fibroblasts that express ␣-SMA and fibronectin, two hallmarks of myofibroblasts (32, 33) . To examine whether the nonlethal number of RPTC-Sup would alter the activation state of renal fibroblasts, NRK-49F cells were directly exposed to the RPTC-Sup collected from 2 ϫ 10 4 to 5 ϫ 10 5 cells/ml and then we examined expression levels of ␣-SMA and fibronectin. Figure 2 shows that exposure of renal fibroblasts to RPTC-Sup ranging from 2 ϫ 10 4 to 5 ϫ 10 5 cells/ml for 36 h dose dependently reduced the expression of ␣-SMA and fibronectin ( Fig. 2, A and B). At 2 ϫ 10 5 and 5 ϫ 10 5 cells/ml, the expression of ␣-SMA and fibronectin was reduced by ϳ50 and 70%, respectively. RPTC-Sup (1 ϫ 10 5 cells/ml) also significantly reduced the expression of ␣-SMA, but it did not significantly affect the expression of fibronectin (Fig. 2, A and B) . The time course study with 5 ϫ 10 5 cells/ml further demonstrated that the expression level of ␣-SMA and fibronectin in renal fibroblasts was slightly decreased within 12 h after exposure to necrotic RPTC-Sup and rapidly reduced at 24 h, and further decreased up to twofold at 36 h (Fig. 2, C and D) . We also assessed the effect of nonlethal RPTC-Sup on the D) . The cell lysate was prepared after treatment and subjected to immunoblot analysis for phospho-EGFR (Tyr1068), phospho-platelet-derived growth factor receptor-␤ (PDGFR␤; Tyr751), EGFR, or PDGFR␤ (A and C). Representative immunoblots from 3 experiments are shown. The phosphorylated and total levels of EGFR and PDGFR␤ were quantified by densitometry and phosphorylated protein levels were normalized to total protein levels (B and D). Values are means Ϯ SD of 3 independent experiments. Bars with different letters (a-d) are significantly different from one another (P Ͻ 0.01).
proliferation of cultured renal fibroblasts. Surprisingly, treatment of NRK-49F with the RPTC-Sup obtained from 5 ϫ 10 5 cells/ml, the highest dose used in this study, did not affect cell proliferation as measured by the MTT assay and expression levels of PCNA and cylcin D1 (data not shown). Collectively, our data indicate that necrotic RPTC can inhibit renal fibroblast activation, but not their proliferation.
It has been reported that TGF-␤1 signaling plays a critical role in the activation of renal fibroblasts and development of renal fibrosis. To examine whether necrotic RPTC-Sup would also modulate TGF-␤1-induced activation of renal fibroblasts, we treated NRK-49F cells with TGF-␤1 in the presence or absence of necrotic RPTC-Sup. The expression of ␣-SMA and fibronectin was detected in normally cultured NRK-49F and TGF-␤1 enhanced expression of these two molecules. Necrotic RPTC-Sup reduced basal level of ␣-SMA and fibronectin expression, and also largely inhibited TGF-␤1-stimulated expression of these two molecules (Fig. 2, E and F) . These results suggest that necrotic RPTC-Sup not only suppressed serum (a mixture of growth factors) but also cytokines-induced activation of renal fibroblasts.
Necrotic RPTC inhibits activation of EGFR in cultured renal interstitial fibroblasts. The EGFR and PDGFR␤ are the major regulators of fibroblast activation. The phosphorylation of EGFR at Tyr1068 and PDGFR␤ at Tyr751 is the major site for the positive modulation of fibroblast activation (3, 22, 24, 39) . As such, we examined the effect of RPTC-Sup on the activation of these two receptors. A concentration-and time-dependent decrease of phosphorylation level of EGFR (Tyr1068) without altering total EGFR level was observed in fibroblast cells following exposure to RPTC-Sup (Fig. 3 ). The phospho-EGFR level was slightly decreased (up to 1-fold) when NRK-49F cells were exposed to lower concentrations of RPTC-Sup (2 ϫ 10 4 and 2 ϫ 10 5 cells/ml) and its level further decreased (up to 5-fold) in higher concentration of RPTC-Sup (5 ϫ 10 5 cells/ml)-exposed cells (Fig. 3, A and B) . Moreover, a time course study with 5 ϫ 10 5 cells/ml showed that phospho-EGFR level significantly decreased (ϳ30% reduction) within 12 h after necrotic RPTC-Sup treatment and decreased up to 70% at 24 h and further decreased ϳ90% at 36 h (Fig. 3, C and  D) . In contrast, the level of phospho-PDGFR␤ and total PDGFR␤ was not affected by necrotic RPTC-Sup (Fig. 3, A  and C) . In addition, we examined the effect of necrotic RPTC-Sup on EGFR phosphorylation within 6 h. EGFR phosphorylation was not changed by necrotic RPTC-Sup at any time points from 0.5 to 6 h during this period (data not shown). 
Effect of necrotic RPTC-Sup on the expression of P2X7
receptor in cultured renal interstitial fibroblasts and the role of P2X7 in renal fibroblast activation. Since a lethal concentration of necrotic RPTC-Sup (2 ϫ 10 6 cells/ml) can induce the expression of P2X7 receptor (36), we further examined whether nonlethal concentrations of necrotic RPTC-Sup would also induce the expression of P2X7 receptor in renal fibroblasts and whether it would have any effect on their activation. As shown in Fig. 4, A and B , necrotic RPTC-Sup from 5 ϫ 10 5 cells/ml induced the expression of P2X7 receptor but it was significantly lower than that induced by a cell death-inducing dose of necrotic RPTC-Sup at 2 ϫ 10 6 cells/ml. However, knockdown of P2X7 with its specific siRNA did not affect the necrotic RPTC-Sup-induced reduction of ␣-SMA and fibronectin expression (Fig. 4, C and D) .
Collectively, our results indicate that necrotic RPTC-Sup at concentrations of RPTC-Sup that suppress renal fibroblast activation inhibits phosphorylation of EGFR. But it induces expression of P2X7; however, P2X7 expression is not associated with inactivation of renal fibroblasts. Thus, we suggest that necrotic RPTC-Sup induces renal fibroblast death and inactivation through independent mechanisms.
Necrotic RPTC inhibits activation of STAT3 in cultured renal interstitial fibroblasts. It is well-known that STAT3, AKT, and ERK 1/2 are the downstream signaling molecules of multiple receptor tyrosine kinases including EGFR. We next examined the phosphorylation status of STAT3, AKT, and ERK 1/2 in necrotic RPTC-Sup-treated NRK-49F cells. Phosphorylation status of STAT3, AKT, and ERK 1/2 was clearly observed in cultured NRK-49F cells. Necrotic RPTC-Sup exposure resulted in decreased STAT3 phosphorylation, which occurred in a concentration-dependent manner with a dramatic decrease in NRK-49F treated with the supernatant from 5 ϫ 10 5 cells/ml (Fig. 5, A and  C) . The time course study with this concentration also showed a reduction in phospho-STAT3 level at 12 h after necrotic RPTCSup exposure and more than 70% reduction at 36 h (Fig. 5, B and  D) , whereas exposure of cultured NRK-49F cells to the same concentration of necrotic RPTC-Sup for 0.5 to 6 h did not alter the level of phospho-STAT3 (data not shown). It should be noted that the time-and dose-dependent decrease of phospho-STAT3 level was parallel with that of phospho-EGFR level. In contrast, necrotic RPTC-Sup did not influence the phosphorylation of AKT and ERK and it did also not alter the expression levels of total STAT3, AKT, and ERK1/2 (Fig. 5, A and B) . These data suggest that STAT3 may act as downstream of EGFR to mediate renal interstitial fibroblast activation.
Necrotic RPTC-induced dephosphorylation of EGFR and inactivation of renal fibroblasts are mediated by PTP. As necrotic RPTC-Sup reduces EGFR phosphorylation without altering the level of total EGFR, it would be expected that PTP(s) might be responsible for RPTC-Sup-mediated diminishing of phospho-EGFR. To test this hypothesis, NRK-49F cells were treated with RPTC-Sup in the absence or presence of Na 3 VO 4 , a broad-spectrum PTP inhibitor, and fibroblast activation markers The phosphorylated and total levels of STAT3, AKT, and ERK were quantified by densitometry and phosphorylated protein levels were normalized to total protein levels (B and D). Values are means Ϯ SD of 3 independent experiments. Bars with different letters (a-d) are significantly different from one another (P Ͻ 0.01).
and phosphorylation levels of STAT3 and EGFR were analyzed by Western blot analysis. As expected, necrotic RPTC-Supinduced reduction of phospho-EGFR and phospho-STAT3 levels was replenished by Na 3 VO 4 (Fig. 6, C and D) . Application of Na 3 VO 4 also blocked necrotic RPTC-Sup-induced reduction of expression of ␣-SMA and fibronectin (Fig. 6, A and B) . It should be noted that Na 3 VO 4 alone did not change the levels of any of these molecules. These results indicate that necrotic RPTC-Sup exposure induces activation of PTP(s), which leads to EGFR dephosphorylation and renal fibroblast inactivation.
EGFR inhibition abolishes the effect of PTP inhibitors on activation of renal fibroblasts. Although Na 3 VO 4 inhibits EGFR dephosphorylation, its effect on the reversal of ␣-SMA and fibronectin expression may occur through its nonspecific effect. To rule out this possibility, we examined the effect of Na 3 VO 4 on RPTC-Sup-induced suppression of phosphorylation of EGFR and STAT3 as well as inactivation of renal fibroblasts in the presence of geftinib, a selective EGFR tyrosine kinase inhibitor (6) . As shown in Fig. 7A , Na 3 VO 4 inhibited RPTC-Sup-induced reduction of expression of ␣-SMA and fibronectin, and it also prevented RPTC-Supinduced diminishing of phospho-EGFR and phospho-STAT3 levels. However, the effects of Na 3 VO 4 on RPTCSup-induced alterations were completely abolished in the presence of gefitinib (Fig. 7A) . Similar results were also obtained when EGFR was knocked down by a siRNA specifically targeting EGFR (Fig. 7B) . These results suggest that PTPs might regulate necrotic RPTC-induced inactivation of renal fibroblasts through the EGFR signaling.
Inhibition of PTP1B reduces RPTC-Sup-induced EGFR dephosphorylation. Among the members of PTP family, PTP1B is highly expressed in renal tissue (38) . The expression or the activity of PTP1B is modulated in response to various stimuli such as metabolic stresses and growth factor (4). Several studies indicate that PTP1B is phosphorylated during interaction with EGFR, and subsequently leading to EGFR dephosphorylation (8, 21) . As such, we hypothesized that PTP1B may be the phosphatase that mediates inactivation of EGFR signaling in NRK-49F exposed to necrotic RPTC. To test this hypothesis, we examined whether inhibition of PTP1B would affect the RPTC-Sup-induced inactivation of renal fibroblasts. NRK-49F were pretreated with TCS-401, a PTP1B-specific inhibitor, for 1 h and then exposed to RPTC-Sup for another 36 h. As shown in Fig. 8A , TCS-401 dose dependently inhibited the RPTC-Sup-induced reduction of fibronectin and ␣-SMA. At 1 M, TCS-401 reversed the levels of fibronectin and ␣-SMA about onefold and at a dose of 2 M, TCS-401 brought back fibronectin and ␣-SMA expression to near normal levels. Correspondingly, the RPTC-Sup-induced reduction of phospho-EGFR and phospho-STAT3 was returned to the control levels in NRK-49F treated with 1 and 2 M TCS-401 (Fig.  8B) . To confirm whether TCS-401-induced reversal of fibronectin and ␣-SMA level is through inhibition of EGFR dephosphorylation, NRK-49F cells were treated with RPTCSup and TCS-401 in the presence of gefitinib. As shown in Fig.  8 , C and D, gefitinib totally blocked the effect of the PTP1B inhibitor on reversal of expression of fibronectin, ␣-SMA, and phosphorylation of EGFR and STAT3. Collectively, these data indicate that PTP1B plays a critical role in mediating necrotic RPTC-induced inactivation of renal interstitial fibroblasts, which may occur through dephosphorylation of EGFR and subsequent blockage of its downstream signaling pathway.
PTP1B interacts with EGFR in necrotic RPTC-treated renal fibroblasts. As mentioned above, PTP1B acts through direct interaction with its targets. Given that the PTP1B inhibitor is able to inhibit the EGFR signaling in NRK-49F cells exposed to necrotic RPTC, we further examined whether necrotic RPTC promotes the interaction of PTP1B with EGFR. As phospho-EGFR levels were reduced to more than 50% at 24 h (Fig. 3C) , we used a 24-h time point to examine the possible interaction of EGFR with PTP1B in renal fibroblasts (Fig. 9B) . At 24 h after exposure to necrotic RPTC, NRK-49F cells were collected and cell lysates were immunoprecipitated with an antibody for PTP1B. Immunocomplexes were blotted with an antibody against EGFR or PY20 (a specific tyrosine kinase antibody). As shown in Fig. 9A , NRK-49F cells normally expressed PTP1B and its level was not altered by RPTC-Sup treatment. Although total PTP1B levels were the same in NRK-49F cells treated with/without necrotic RPTC-Sup, tyrosine phosphorylation level of PTP1B was increased in cells treated with RPTC-Sup (Fig. 9B) . In addition, an increased EGFR level was detected in PTP1B immunoprecipitates from cells treated with necrotic RPTC-Sup. These data suggest that necrotic RPTCSup exposure induces PTP1B tyrosine phosphorylation and its interaction with EGFR, which in turn leads to EGFR dephosphorylation.
DISCUSSION
During the course of AKI, the injured or dying renal tubular cells release their contents to the interstitium where several cell types are situated. Renal interstitial fibroblasts are a cell type adjacent to the damaged tubular epithelium and may be directly exposed to molecules released by injured epithelial cells. To mimic this situation, we recently initiated a series of experiments to study the cross-talk between renal epithelial cells and interstitial fibroblasts in an in vitro cultured system. Our results revealed that exposure of cultured renal interstitial fibroblasts to the supernatant from 2 ϫ 10 6 of necrotic RPTC resulted in cell death of fibroblasts (34 -36) . However, a fundamental unanswered question in the renal epithelial-fibroblast cross-talk is whether the necrotic RPTC-Sup at its nonlethal doses would also alter the biological functions of renal interstitial fibroblasts. In the present study, we made an interesting discovery that nonlethal doses of necrotic RPTC-Sup reduced activation of renal fibroblasts and induced dephosphorylation of the EGFR-STAT3, a key signaling pathway responsible for renal fibroblast activation. Furthermore, inhibition of PTP1B protected against necrotic RPTC-Sup-induced responses. Therefore, we suggest that the nonlethal dose of necrotic RPTC-Sup can induce inactivation of renal fibroblasts through PTP1B-mediated suppression of the EGFR-STAT3 signaling pathway (Fig. 10) .
To our knowledge, this is the first study demonstrating that nonlethal doses of necrotic RPTC-Sup have an ability to suppress activation of renal interstitial fibroblasts. Our and other studies previously showed that cultured NRK-49F cells are activated fibroblasts with expression of abundances of ␣-SMA and fibronectin (22, 28, 32, 33) . The current study revealed that necrotic RPTC-Sup at nonlethal doses ranging from 2 ϫ 10 4 to 5 ϫ 10 5 cells/ml reduced the expression of fibronectin and ␣-SMA in a time-and dose-dependent manner. This is in contrast to our previous observation that exposure of renal fibroblasts to the supernatant from necrotic RPTC at 2 ϫ 10 6 caused both apoptosis and necrosis. As the amount of cellular contents released from tubular cells depends on the severity of injury and number of tubular cells died, these studies suggest that cellular contents of RPTC released to the interstitium have divergent impacts on renal myofibroblasts. However, no matter whether renal fibroblasts die or inactivation in response to necrotic RPTC, the net result is that the renal fibroblasts would lose or reduce their ability to produce the matrix proteins in the early phase of AKI.
Fibroblast activation after injury is, in essence, a woundhealing response by which the injured kidney attempts to repair and recover from the injury. Following AKI, the repair of renal epithelium requires repopulation of renal tubular cells, but this cannot occur unless there is remodeling of ECM to reconstitute the original tissue structure since tubular cells need collagen framework along which to grow. In this respect, activated interstitial fibroblasts not only produce ECM components, but they also provide support for renal tubular cells to migrate and replicate (18, 29) . In addition, activated fibroblasts also promote efficient closure of denuded area through their contractile properties (29) . On the other hand, renal fibroblasts can produce renotropic growth factors and cytokines such as fibroblast growth factor-1 and -7, which may act as paracrine mitogens to stimulate renal tubular cell proliferation. On this basis, the transient activation of renal interstitial fibroblasts surrounding damaged tubules might be beneficial to renal repair and functional recovery in the early phase of AKI, whereas inhibition of renal fibroblast activation by necrotic RPTC might be one of the mechanisms that lead to maladaptive renal repair in the case of severe AKI.
Nevertheless, the persistent and uncontrolled activation of renal fibroblasts will result in excessive production and deposition of ECM and development of renal fibrosis. This has been demonstrated by numerous studies and is associated with production of a large amount of profibrogenetic factors, in particular TGF-␤1. TGF-␤1 is a potent stimulus for renal fibroblast activation and can be released after a variety of insults. When kidney injury is persistent or repeated, increasing numbers of injured epithelial cells stall between the G2 and M phases of the cell cycle, which results in an ongoing production of TGF-␤ (46) . Overproduction of TGF-␤1 in response to severe kidney injury may override the effect of necrotic tubular cells on its stimulation of renal fibroblast inactivation, thereby rendering renal fibroblasts to produce excessive amounts of ECM proteins, and leading to fibrogenesis in the damaged kidney. This hypothesis is supported by our experimental result that necrotic RPTC-Sup was unable to completely block expression of ␣-SMA and fibronectin in cultured NRK-49F exposed to TGF-␤1 and other observations note that severe AKI is often accompanied by aberrant renal repair and fibrogenesis (46) .
The mechanism by which RPTC-Sup inactivates renal fibroblasts remains poorly understood. Although we observed that sublethal doses of RPTC-Sup induced the expression of P2X7 receptor, knockdown of this receptor did not affect the ability of necrotic RPTC-Sup to suppress expression of ␣-SMA and fibronectin in NRK-49F cells, suggesting that P2X7 receptor does not mediate necrotic RPTC-Sup-induced inactivation of renal fibroblasts. As EGFR and PDGFR␤ have been shown to play a role in mediating renal fibroblast activation (20, 22, 24) , we further examined the effect of necrotic RPTC-Sup on the activation of these two receptors and their downstream signaling pathways. Our results indicated that exposure of NRK-49F to necrotic RPTC-Sup resulted in dephosphorylation of EGFR and STAT3, but not that of phosphorylation of PDGFR␤, AKT, and ERK1/2. These results together with our previous observations show that blockade of EGFR inhibited dephosphorylation of STAT3 in the fibrotic kidney (22) . It suggests that necrotic RPTC may reduce activation of renal interstitial fibroblasts through inhibition of the EGFR-STAT3 signaling pathway. In support of this finding, we also showed that inhibition of EGFR phosphorylation with gefitinib or silencing of EGFR with siRNA abolished the effect of necrotic RPTCSup-induced inactivation of renal fibroblasts, whereas restoration of EGFR phosphorylation levels with PTP inhibitors (sodium orthovanadate and TCS401) brought back the expression of ␣-SMA and fibronectin and phosphorylation of STAT3 to the control levels. Nevertheless, the EGFR-STAT3 signaling pathway may not be the sole target of necrotic RPTC since inactivation of this pathway reduced ␣-SMA and fibronectin expression, but was unable to abolish their expression in cultured NRK-49F cells.
It is well-known that various protein receptor tyrosine kinase phosphatase(s) are involved in regulation of EGFR dephosphorylation, depending on the cell type and stimuli (21) . Our current study indicated that PTP1B is responsible for the RPTC-Sup-induced dephosphorylation of EGFR and inactivation of renal fibroblasts. This is evidenced by several observations: 1) the PTP1B-specific inhibitor (TCS401) abolished RPTC-Sup-induced reduction of phospho-EGFR and expression of fibrotic markers; 2) blockage of EGFR diminished the effect of PTP1B inhibitor on RPTC-Sup-induced inhibition of renal fibroblast activation and STAT-3 phosphorylation; and 3) RPTC-Sup induced PTP1B phosphorylation and its interaction with EGFR. Currently, the initial events triggered by necrotic RPTC-Sup for the activation of PTP1B in renal fibroblasts remain unclear. Several studies demonstrate that renal tubular epithelial cells can produce various cytokines (12, 40, 43) such as IL-6, IL-1␤, TNF-␣ (5, 7, 26) and that metabolic stress can also upregulate the transcription of inflammatory cytokines including TNF-␣ and IL-6 in cultured human renal cortical tubular cells (12) . Given the fact that TNF-␣, IL-6, and IL-1␤ are capable of modulating the activity and/or expression of PTP1B (17, 30, 31, 48) , it is possible that the production of these cytokines by necrotic RPTC might stimulate PTP1B activity in renal fibroblasts and subsequently alters phosphorylation levels of some tyrosine kinases including EGFR in the damaged kidney. Further in vivo studies are required to address this issue.
Myofibroblast proliferation is considered to occur secondary to its activation. However, our data indicated that necrotic RPTC suppressed renal fibroblast activation without affecting their proliferation. This is indicated by our observations that necrotic RPTC-Sup reduced the expression of ␣-SMA and fibronectin, but did not affect the growth rate of fibroblasts and the expression of PCNA, a cell proliferation marker, and cyclin D, a nuclear protein that is involved in promoting cell cycle progression. On this basis, we suggest that renal fibroblast activation and proliferation may be controlled by different mechanisms. In this context, we demonstrated that necrotic RPTC-Sup inhibits phosphorylation of STAT3, but not that of AKT and ERK1/2 in cultured NRK-49F. As phosphorylation of these three molecules represents activation of individual signaling pathways, and AKT and ERK1/2 play a critical role in regulating cell proliferation (10, 37) , distinct activation of these signaling pathways may account for the different effects of necrotic RPTC on renal fibroblasts.
In summary, this is the first report showing that the contents released from injured epithelial cells can inactivate renal fibroblasts by dephosphorylation of EGFR through a mechanism involved in PTP1B activation. As the peritubular fibroblasts play a vital role in maintaining the functional and structural integrity of renal tissue and contribute to renal epithelium repair, inactivation of renal fibroblasts by damaged tubular cells may reduce or delay the reparative process of renal epithelium after AKI. Therefore, maintenance of certain number of renal interstitial fibroblasts after AKI may be essential for renal tubular repair and regeneration, and renal functional recovery.
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